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Introduction {#sec1}
============

Intestinal helminths have co-evolved together with their mammalian hosts over several hundred million years ([@bib14]). Although these organisms have been virtually eradicated within industrialized countries, approximately 2 billion people, mainly children from areas without adequate sanitation, suffer from chronic intestinal helminth infections and associated morbidity ([@bib20]). To ensure their long-term survival, helminths have evolved potent mechanisms to regulate the host immune response ([@bib26]). Indeed, together with increased sanitary standards, the eradication of intestinal helminths from industrialized countries has been proposed to contribute to the increased incidence of immune-mediated disorders apparent in these regions ([@bib27]). Epidemiological evidence supports this view with studies showing a negative correlation between helminth infection and allergen skin test reactivity ([@bib5]). Experimental helminth infection can limit disease severity in murine models of arthritis ([@bib37]), type 1 diabetes ([@bib31], [@bib33]), colitis ([@bib45]), and allergic airway inflammation ([@bib46]). Such findings have heightened interest in the use of these parasites, or their secreted products, for the treatment of inflammatory diseases. Consequently, live helminths are currently employed in at least 15 clinical trials in efforts to alleviate allergic and autoimmune disorders ([@bib22]).

The exact mechanisms behind the potent immuno-modulatory capacity of helminths remain largely unknown. Numerous species secrete anti-inflammatory products, a few of which have been characterized ([@bib26]). Moreover, data indicate that intestinal helminth infections also impact the composition of the gut microbiota ([@bib2], [@bib34], [@bib35], [@bib44], [@bib48]), raising the possibility that these organisms might exert immuno-modulatory activity in an indirect manner as well. Helminth-induced alterations to the gut microbiota are of particular interest because this diverse and complex community can have a profound impact on host homeostasis and the development of immune-mediated diseases ([@bib24]). Changes in the gut microbiota through the use of antibiotics, particularly during infancy or childhood, have been correlated with the occurrence of allergic disease, multiple sclerosis, and inflammatory bowel disease (IBD) in humans ([@bib49]). These findings are further supported by experimental studies showing that mice lacking intestinal bacteria (germ-free mice) exhibit increased allergy ([@bib19]) and that susceptibility to obesity or IBD can be transferred together with the intestinal microbiota ([@bib13], [@bib43]). The means by which intestinal bacteria impact our health are likely to be varied and complex, and it is increasingly appreciated that the vast array of metabolites produced by the intestinal microbiota might interact closely with our immune system to create a microbial-metabolite-immune axis ([@bib11]).

In the current study we explored the possibility that intestinal helminths modulate allergic diseases, at least in part, through alterations to the microbiota of the intestine. Our findings show that murine intestinal helminth infection not only alters the intestinal bacterial communities but that intestinal bacteria contribute to the ability of helminth infection to attenuate allergic airway inflammation. The immuno-modulatory capacity of helminth infection could be transferred through fecal transplantation and correlated with an increased availability of microbial-derived short chain fatty acids (SCFAs). A direct link between helminth-induced increases in SCFAs and the ability of these organisms to attenuate allergic airway inflammation was shown using mice lacking the SCFA cognate receptor GPR41 (also called free fatty acid receptor 3 \[FFAR3\]). These data indicate that helminths not only modulate the immune system directly, but that they also impact allergic airway disease by increasing bacterial-derived immuno-modulatory metabolites.

Results {#sec2}
=======

Intestinal Helminth Infection Can Reduce the Severity of Allergic Airway Inflammation {#sec2.1}
-------------------------------------------------------------------------------------

Several studies have demonstrated that *Heligmosomoides polygyrus bakeri* (Hbp) infection can attenuate the development of allergic airway disease in mice sensitized with model antigens via the intra-peritoneal route ([@bib30], [@bib46]). To determine whether Hpb infection could also attenuate airway inflammation by a more physiological regime, we exposed naive or Hpb-infected specific-pathogen-free (SPF) mice to house dust mite (HDM) extracts via the intranasal route three times per week for 3 consecutive weeks. Helminth infection attenuated the allergic inflammation as evidenced by a specific reduction in the total number ([Figure 1](#fig1){ref-type="fig"}A) and percentage ([Figure 1](#fig1){ref-type="fig"}B) of infiltrating eosinophils. This decreased eosinophilia correlated with a reduced presence of type 2 cell-associated cytokines in the airways ([Figures 1](#fig1){ref-type="fig"}C and 1D) and reduced HDM-specific IgG1 ([Figure 1](#fig1){ref-type="fig"}E). Infection did not impact airway hyper-reactivity (AHR), as measured by increased airway resistance after methacholine challenge ([Figure 1](#fig1){ref-type="fig"}F). However, we did note a decline in inflammatory cells infiltrating the lung tissue ([Figure 1](#fig1){ref-type="fig"}G), together with decreased goblet cell hyperplasia ([Figure 1](#fig1){ref-type="fig"}H), indicating a significant reduction in allergen-induced pathology.

Intestinal Bacteria Contribute to the Ability of Helminths to Attenuate Allergic Airway Inflammation {#sec2.2}
----------------------------------------------------------------------------------------------------

To address whether the modulation of allergic airway inflammation by chronic helminth infection required the presence of intestinal bacteria, we infected antibiotic-treated mice. The antibiotic treatment eliminated bacteria by a factor of 10^5^--10^6^ for aerobic and 10^6^--10^7^ for anaerobic bacteria ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B). In addition, no fungal outgrowth was detected. Mice were then challenged with HDM and the ensuing inflammatory response analyzed. As expected, helminth infection of SPF mice resulted in a reduced number ([Figure 2](#fig2){ref-type="fig"}A) and proportion ([Figure 2](#fig2){ref-type="fig"}B) of infiltrating eosinophils. Type 2 cell-associated cytokine concentration in the airways ([Figures 2](#fig2){ref-type="fig"}C and 2D) and HDM-specific IgG1 ([Figure 2](#fig2){ref-type="fig"}E) were also reduced in helminth-infected SPF mice. Notably, helminth infection did not attenuate the severity of inflammation in antibiotic-treated mice ([Figures 2](#fig2){ref-type="fig"}A--2E), even though adult worm numbers were comparable to SPF mice ([Figure S1](#mmc1){ref-type="supplementary-material"}C). These data indicate that the host microbiota is required for Hpb-mediated modulation of the allergic response.

We next assessed whether re-colonization of antibiotic-treated mice with a microbiota from Hpb-infected mice via co-housing was sufficient to confer protection. Naive SPF, or Hpb-infected SPF, donor mice were co-housed with antibiotic-treated recipients for a period of 3 weeks. Of note, such co-housing allowed the transfer only of the bacterial microbiota and not of the parasite, because adult worms cannot replicate within their hosts nor can they infect new hosts. As a control, recipient mice were monitored for the presence of live worms at the time of sacrifice with no Hpb worms being detected ([Figure S1](#mmc1){ref-type="supplementary-material"}D). Co-housing was followed by an exposure of all recipient mice to HDM. Recipient mice co-housed with helminth-infected donors exhibited a reduced number and proportion of airway eosinophils ([Figures 2](#fig2){ref-type="fig"}F and 2G) compared to recipients co-housed with naive donors. These changes were paralleled by reductions in HDM-specific IgG1 ([Figure 2](#fig2){ref-type="fig"}H), lung pathology ([Figure 2](#fig2){ref-type="fig"}I), and goblet cell hyperplasia ([Figure 2](#fig2){ref-type="fig"}J). Similar reductions in airway eosinophilia ([Figures S1](#mmc1){ref-type="supplementary-material"}E and S1F) and lung pathology ([Figure S1](#mmc1){ref-type="supplementary-material"}G) were noted when the microbiota was transferred via oral gavage of cecal contents to germ-free recipients. These data further support our findings that intestinal bacteria contribute to the immuno-modulatory potential of Hpb.

Helminth Infection Alters Intestinal Bacterial Communities, Resulting in Increased SCFA Production {#sec2.3}
--------------------------------------------------------------------------------------------------

Hpb infection has been shown to alter bacterial composition in the small intestine ([@bib35], [@bib36], [@bib44]), and our data indicated that transfer of bacterial communities via the feces could confer protection against allergy. To examine this in detail, we analyzed the impact of Hpb infection on bacterial community structure in the large intestine by performing sequence analysis of bacterial 16S ribosomal RNA (rRNA) genes of cecal samples taken from gnotobiotic mice colonized with a limited bacterial community, the altered Schaedler flora (ASF). As expected, the majority of bacteria in naive ASF mice were represented by members of the Bacteroidales and Lactobacillales orders ([@bib3]), whereas Hpb infection led to an outgrowth of bacteria belonging to Clostridiales ([Figures 3](#fig3){ref-type="fig"}A and [S2](#mmc1){ref-type="supplementary-material"}A). Growth of the HA-107 *E. coli* ([@bib18]) used to hatch Hpb larvae was also noted in the infected mice, but inoculation of naive ASF mice with 10^3^ or 10^9^ colony forming units (CFUs) of HA-107 *E. coli* did not prompt an outgrowth of Clostridiales ([Figure S2](#mmc1){ref-type="supplementary-material"}B), indicating that this outgrowth resulted from the parasite infection itself. ASF species belonging to Clostridiales can produce SCFAs in vitro ([@bib39]), prompting us to investigate SCFA concentrations in our experiments. Indeed, SCFAs were significantly increased in the cecum of Hpb-infected compared to naive ASF mice ([Figure 3](#fig3){ref-type="fig"}B). We next investigated the impact of Hpb infection on the more complex bacterial communities present in SPF mice. Principal coordinates analysis (PCoA) of operational taxonomic unit (OTU) abundances, using k-means clustering, showed an impact of Hpb infection on cecal bacterial community composition ([Figures 3](#fig3){ref-type="fig"}C and [S2](#mmc1){ref-type="supplementary-material"}C). We also detected increased SCFAs in the cecum after Hpb infection of SPF mice ([Figures 3](#fig3){ref-type="fig"}D and [S2](#mmc1){ref-type="supplementary-material"}D). The impact of Hpb infection on bacterial OTU abundance could also be observed using hierarchical clustering with an hclust algorithm, based on the spearman correlation co-efficient, and OTUs overrepresented in infected mice were found to be associated with increased SCFAs ([Figures 3](#fig3){ref-type="fig"}E and [S2](#mmc1){ref-type="supplementary-material"}E). No consistent impact of Hpb infection on bacterial complexity was observed with the parameters of bacterial richness or the Shannon diversity index ([Figures S2](#mmc1){ref-type="supplementary-material"}F--S2I).

Bacteria represent the major source of SCFAs in the cecum of helminth-infected mice as shown by the fact that antibiotic treatment completely abrogated SCFA production ([Figure S3](#mmc1){ref-type="supplementary-material"}A). Because Hpb infection did not impact the total load of cecal bacteria ([Figure S3](#mmc1){ref-type="supplementary-material"}B), the increased capacity for SCFA production in these mice probably results from changes to community structure. Thus, to determine whether the increased capacity for SCFA production could be transferred together with the altered microbial communities, we analyzed bacterial community composition and SCFA concentrations in the cecum of mice that had been co-housed with naive or helminth-infected donors, as described in [Figure 2](#fig2){ref-type="fig"}. Mice co-housed with helminth-infected donors exhibited a distinct clustering of bacterial OTUs ([Figures 4](#fig4){ref-type="fig"}A and 4B) and increased SCFAs ([Figure 4](#fig4){ref-type="fig"}C) as compared to mice co-housed with naive donors. Again, OTUs overrepresented in mice co-housed with Hpb-infected donors could be associated with increased SCFAs ([Figure 4](#fig4){ref-type="fig"}B), but only a slight impact on bacterial richness or diversity was noted ([Figures S3](#mmc1){ref-type="supplementary-material"}C and S3D). The SCFAs acetate and propionate can be absorbed and enter the bloodstream, whereas butyrate is typically used locally as an energy source for intestinal epithelial cells. We therefore additionally evaluated SCFAs in the portal blood of helminth-infected mice and found significantly increased concentrations ([Figure S3](#mmc1){ref-type="supplementary-material"}E).

Our data indicated that bacterial communities generate the increased SCFAs observed in helminth-infected mice. However, metazoan parasites including the intestinal helminth *Ascaris suum* have previously been reported to produce acetate ([@bib41]) and we confirmed that adult Hpb was able to produce small amounts of acetate when cultured in vitro in the presence of glucose ([Figure S3](#mmc1){ref-type="supplementary-material"}F). However, attempts to mimic chronic Hpb infection of the small intestine by feeding ASF mice with acetate in the drinking water did not result in an outgrowth of Clostridiales in these mice ([Figure S2](#mmc1){ref-type="supplementary-material"}B), indicating that helminth-derived acetate is not likely to be responsible for the changes in bacterial community structure that we observed. Although Clostridiales were clearly associated with increased SCFA production in Hpb-infected ASF mice, it was not clear whether bacteria belonging to this order were also responsible for increased SCFAs observed in Hpb-infected SPF mice. We therefore attempted to identify bacterial OTUs that were altered by Hpb infection (as depicted in [Figures 3](#fig3){ref-type="fig"} and [S2](#mmc1){ref-type="supplementary-material"}) and in mice co-housed with helminth-infected donors (as depicted in [Figure 4](#fig4){ref-type="fig"}). To improve the taxonomic classification of OTUs assigned to poorly characterized yet relatively abundant bacterial families (Lachnospiraceae, Ruminococcaceae, and S24-7), representative sequences for these families were used to build a phylogenetic tree and new OTU clusters within these families (defined based on the patristic distance) were then added to the original OTU taxonomy. This analysis revealed a single common OTU cluster corresponding to Clostridiales family members Lachnospiraceae. Members of this family are commonly found in the intestinal tract of mammals and are notable for containing many species capable of fermenting complex carbohydrates to SCFAs ([@bib7]).

Helminth Infection Alters Regulatory T Cell Function in a GPR41-Dependent Manner {#sec2.4}
--------------------------------------------------------------------------------

It was recently reported that increasing SCFA concentrations by feeding mice a high-fiber diet attenuates HDM-induced allergic airway inflammation ([@bib42]). The same authors demonstrated that propionate treatment alters bone marrow hematopoiesis such that the lungs are seeded with immature dendritic cells that exhibit an impaired ability to promote allergic responses ([@bib42]). A second report showed that acetate treatment of mice modulates HDM-induced asthma, in this case by modulating the number and function of regulatory T (Treg) cells ([@bib40]). In keeping with these data, we observed increased numbers of common DC precursors (CDPs) and macrophage and DC precursors (MDPs) in the bone marrow ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B) and an increase in the proportion of lung Treg cells ([Figure S4](#mmc1){ref-type="supplementary-material"}C), in mice co-housed with Hpb-infected donors. We next investigated whether GPR41 (also called FFAR3) was required for the effects of Hpb infection because this receptor has been previously associated with SCFA-dependent changes to HDM-induced asthma ([@bib42]). For this purpose we infected wild-type and *Ffar3*^−/−^ SPF mice with Hpb, then exposed the same mice to HDM. In line with our earlier data, helminth infection of wild-type mice led to reductions in the number ([Figure 5](#fig5){ref-type="fig"}A) and percentage ([Figure 5](#fig5){ref-type="fig"}B) of eosinophils and the amount of type 2 cell-associated cytokines ([Figures 5](#fig5){ref-type="fig"}C and 5D) in the airways. This correlated with decreased circulating HDM-specific IgG1 ([Figure 5](#fig5){ref-type="fig"}E) in helminth-infected mice. As before, helminth infection also reduced lung pathology ([Figure 5](#fig5){ref-type="fig"}F) and airway goblet cell hyperplasia ([Figure 5](#fig5){ref-type="fig"}G). In stark contrast, helminth infection of *Ffar3*^−/−^ mice did not improve any of the parameters measured ([Figures 5](#fig5){ref-type="fig"}A--5G). Importantly, GPR41 deficiency did not impact adult worm numbers in the small intestine ([Figure S4](#mmc1){ref-type="supplementary-material"}D), and propionate or acetate supplementation failed to reduce allergic airway eosinophilia in *Ffar3*^−/−^ animals ([Figures S4](#mmc1){ref-type="supplementary-material"}E and S4F; [@bib42]). These data indicate that the inability of Hpb infection to modulate HDM-induced asthma in *Ffar3*^−/−^ mice results from a loss of reactivity to bacterial-derived SCFAs and not from an altered response to the helminth itself.

Hpb infection has been previously reported to increase the number of interleukin-10 (IL-10)-producing Treg cells in the colon ([@bib17]), a site distal to the presence of the worm, but where SCFA concentrations are increased ([Figure 3](#fig3){ref-type="fig"}D). Treg cells have also been reported to contribute to the ability of Hpb to modulate allergic airway inflammation ([@bib46]). We therefore focused our studies on the possible role of GPR41 in modulating Treg cell function in Hpb-infected mice. Hpb infection increased the concentration of IL-10 ([Figure 6](#fig6){ref-type="fig"}A) and transforming growth factor-β (TGF-β) ([Figure 6](#fig6){ref-type="fig"}B) in the lungs of HDM-challenged mice in a GPR41-dependent manner. Hpb-infected wild-type mice also exhibited a slightly increased, albeit non-significant, proportion of Treg cells in the lung ([Figure 6](#fig6){ref-type="fig"}C) and colon ([Figure 6](#fig6){ref-type="fig"}D) and this tendency was lost in *Ffar3*^−/−^ animals. To ascertain whether Treg cells exhibited an altered functional capacity after Hpb infection, we isolated Treg cells from the lung of HDM-challenged mice and cultured these together with responder CD4^+^ T cells isolated from the lymph nodes of a naive animal. Hpb infection resulted in enhanced IL-10 production ([Figure 6](#fig6){ref-type="fig"}E) and suppressor activity ([Figure 6](#fig6){ref-type="fig"}F) by Treg cells isolated from the lung of wild-type but not *Ffar3*^−/−^ HDM-challenged mice. These data indicate that Hpb infection leads to the establishment of an anti-inflammatory environment in the lung, including the recruitment of IL-10-producing Treg cells, in a GPR41-dependent manner.

Increased SCFA Production Is Observed across Diverse Helminth and Host Species {#sec2.5}
------------------------------------------------------------------------------

To determine whether increases in SCFA availability also occur in other host-parasite settings, we examined metabolite concentrations in the colon of pigs experimentally infected with *A. suum* and in stool samples from human patients experimentally infected with *Nector americanus*. *A. suum* is a parasite of pigs that is closely related to the human parasite *A. lumbricoides*, a whipworm that infects approximately 25% of the world's population ([@bib20]), and *N. americanus*, a human hookworm, is predominantly found in the tropics and subtropics where it is estimated to infect approximately 740 million people ([@bib20]). Analysis of colon contents from pigs experimentally infected with 3 doses of 300 fertilized *A. suum* eggs on 3 consecutive days revealed increased total SCFA concentrations at 8 weeks after infection ([Figure 7](#fig7){ref-type="fig"}A). This was due to significant increases in propionate and butyrate and a trend toward increased acetate concentrations in infected pigs ([Figure 7](#fig7){ref-type="fig"}B). We next performed an analysis of SCFA concentrations in hookworm-infected patients. Stool samples were obtained from eight otherwise healthy volunteers with diet-managed (gluten-free diet for \>6 months) celiac disease. All eight subjects (Pt1--Pt8) underwent voluntary infection with 20 infective larvae and were assessed 8 weeks after infection. Stool samples were collected prior to, and 8 weeks after, the second infection. From the total of eight patients, six individuals exhibited an increase in total SCFAs ([Figure 7](#fig7){ref-type="fig"}C) and two showed reduced total SCFAs after infection ([Figure 7](#fig7){ref-type="fig"}C). Changes to total SCFAs were reflected by alterations to acetate, propionate, and butyrate, but the degree to which any one metabolite was altered differed between individuals ([Figure 7](#fig7){ref-type="fig"}D). Despite a trend toward increased SCFA concentrations after hookworm infection, this did not reach statistical significance, probably reflecting the small sample size. It is important to note that diet has a major impact on SCFA concentrations and our data do not include comparison to dietary metadata. However, all patients were instructed to maintain their normal (gluten-free) diet over the course of the trial and adherence to these instructions was regularly checked by a trained nurse. Taken together, these data raise the intriguing possibility that helminth-induced increases in bacterial-derived SCFAs might represent a phenomenon that is conserved across multiple host and parasitic species.

Discussion {#sec3}
==========

Previous reports have noted that helminths, or their secretions, directly regulate immune responses ([@bib26]), and hookworm infection has been consistently linked with a reduced prevalence of asthma ([@bib23]). Here we have reported an indirect immuno-regulatory function of helminths that involves their ability to enhance bacterial-derived SCFA concentrations. As a consequence of this augmented availability of SCFAs, allergic responses are suppressed in a GPR41-dependent manner.

Declining exposure to helminths, bacterial dysbiosis, and dietary changes have all been independently proposed to underlie the rising incidence of immune and metabolic inflammatory disorders apparent in industrialized countries ([@bib25], [@bib28], [@bib49]). SCFAs are largely derived from bacterial fermentation of complex oligosaccharides present in the diet. Our work indicates that helminth infection, intestinal bacteria, and diet might all interact to form an evolutionary conserved network that promotes immune homeostasis both through independent mechanisms and additionally through unifying mediators, such as SCFAs. In this regard, it is interesting that people living in poor regions of the developing world rarely suffer from allergies ([@bib47]), are exposed to intestinal helminths ([@bib20]), typically consume diets richer in fermentable fibers, and exhibit higher stool concentrations of SCFAs ([@bib10]) than those living in industrialized countries.

Infection with intestinal helminths probably increases bacterial-derived SCFAs through multiple mechanisms and might involve direct interactions between helminths and bacteria or indirect interactions whereby helminth-induced immune responses result in changes to the mucosal environment. Such immune-driven changes might also underlie the remarkable convergence in the ability of diverse helminth species to increase intestinal SCFAs. Such convergence also indicates a strong evolutionary benefit for the parasite to modulate metabolite levels. One potential benefit could include the known ability of SCFAs to promote host regulatory T cell responses ([@bib1], [@bib12], [@bib39]) that could act to limit immuno-pathology and promote parasite chronicity. In keeping with this hypothesis, we observed that Hpb infection led to an increased production of anti-inflammatory cytokines and potentiated Treg cell suppressor activity in the lung, likely contributing to the helminth-induced modulation of allergic asthma. Our finding that these responses required GPR41 indicates that increased SCFA availability contributes, at least in part, to enhanced Treg cell suppressor function after helminth infection. Of note, the same patients for whom we analyzed SCFAs exhibited increased frequencies of intestinal CD4^+^Foxp3^+^ T cells after hookworm infection ([@bib8]). Environmental or experimental helminth infection has also been reported to reduce the severity of other inflammatory diseases including arthritis ([@bib37]), inflammatory bowel disease ([@bib45]), and multiple sclerosis ([@bib6]). Thus, future studies investigating the impact of helminth infection on SCFAs in individuals living in helminth-endemic regions or in clinically infected patients would be of great interest.

Although our study highlights an indirect mechanism by which helminths modulate host immunity, it is likely that helminths also impact immune cell function in a direct manner. Indeed, there is a wealth of evidence detailing the ability of these organisms to secrete immuno-modulatory products ([@bib26]). Hpb-secreted products also possess the ability to modulate DC function ([@bib29]) and can promote immunological tolerance to allograft transplants ([@bib21]). Although our current work indicates that bacterial SCFAs contribute to the ability of Hpb to modulate Treg cell function, previous reports, including work from our own laboratory, demonstrate that this helminth can also modulate Treg cell function directly ([@bib16], [@bib32]). Helminth products documented to directly modulate airway inflammation include Hpb excretory-secretory products ([@bib30]) and *Acanthocheilonema viteae* recombinant Av17 cystatin ([@bib38]). However, numerous obstacles complicate the use of live parasites or potentially immunogenic parasitic products in the treatment of inflammatory disorders. Our data indicate that improved therapeutic approaches might also result from the analysis of helminth-bacterial interactions in the gut.

In summary, we demonstrate how intestinal helminth infection changes the intestinal microbiota and increases SCFA production. As a consequence, allergic airway inflammation is attenuated in the host in a GPR41-dependent manner. This work provides an example of how parasites drive a functional cross talk with the intestinal microbiota and how this cross talk affects immune mechanisms of the host. Mutual adaptation of intestinal parasites and the intestinal microbiota is likely to also have consequences for other inflammatory diseases or for host physiology outside the immune system.

Experimental Procedures {#sec4}
=======================

Ethics Statement {#sec4.1}
----------------

All animal experiments were approved by the Service de la consommation et des affaires vétérinaires (1066 Épalinges, Canton of Vaud, Switzerland) with the authorization numbers 2238 and 2540.

Mice, Parasites, and Treatments {#sec4.2}
-------------------------------

C57BL/6 and *Ffar3*^−/−^ mice were bred and maintained under specific-pathogen-free (SPF) conditions at École Polytechnique Fédérale de Lausanne (EPFL), Switzerland. All mice were fed with standard breeding diet 3242 (KLIBA NAFAG) including 3.5% crude fibers. To standardize the intestinal bacteria within different groups of SPF mice analyzed within one experiment, all mice were co-housed, or beddings were mixed, for 3 weeks prior to parasite infection. Where indicated, mice were then pre-infected orally with 200 L3 Hpb. After Hpb infection, co-housing or bedding mixes were stopped for the rest of the experiment. Adult worm burdens were determined by manual counting of the small intestinal contents under a dissecting microscope.

HDM-Induced Allergic Airway Inflammation {#sec4.3}
----------------------------------------

Mice were anesthetized with isoflurane and challenged intranasally with 15 μl of HDM (Greer Laboratories) in 30 μl sterile saline every other day three times per week for 3 consecutive weeks with a total of nine exposures. For all experiments, HDM challenges started 2 weeks after Hpb infection. Airway inflammation and BALF infiltrates were examined 3 days after the last HDM challenge. Total cell numbers were determined with a Guava PCA Cell Counter (Millipore). Differential cell counts were performed on cytospins stained with Diff-Quik solution (Siemens Healthcare Diagnostics) and 200 cells per sample counted. Lung function and airway hyper-responsiveness were quantified via the forced oscillation system (Flexivent, Scireq) as previously described ([@bib15]).

Antibiotic Treatment and Co-housing {#sec4.4}
-----------------------------------

Mice were treated with 2.5 mg/ml enrofloxacin in drinking water for 2 weeks, followed by 0.8 mg/ml of amoxicillin and 0.114 mg/ml clavulanic acid in drinking water for a minimum of 2 further weeks prior to infection. Treatment with amoxicillin and clavulanic acid was then continued throughout the remainder of the experiment. For co-housing experiments, antibiotic treatment was discontinued and mice co-housed with naive or day 21 Hpb-infected SPF mice for a period of 3 weeks prior to HDM exposure. The effectiveness of antibiotic treatment was routinely assessed by plating of cecal contents under standard aerobic and anaerobic conditions and by microscopic analysis of fecal smears stained with Sytox Green nucleic acid stain (Life Technologies) and Gram staining (Sigma-Aldrich). Fecal smears were additionally checked for the presence of fungi by calcofluor white staining (Sigma-Aldrich).

Generation of Bacteriologically Sterile Hpb Larvae and Ex Vivo Worm Cultures {#sec4.5}
----------------------------------------------------------------------------

Bacteriologically sterile Hpb infection of antibiotic-treated mice was achieved using infective larvae (L3) hatched from fecal cultures and subjected to successive washings with PBS and RPMI containing enrofloxacin (5 mg/ml), amoxicillin (2 mg/ml), and clavulanic acid (0.2 mg/ml). Alternatively, adult worms were collected from intestinal contents of infected mice, washed in PBS and RPMI containing 0.2 mg/ml gentamycin, 200 IU/ml penicillin, and 200 μg/ml streptomycin (GIBCO), and cultured overnight at 37°C in RPMI 1640 (GIBCO) containing 0.1 mg/ml gentamycin, 100 IU/ml penicillin, 100 μg/ml streptomycin, and 1% glucose (Sigma-Aldrich). Excreted eggs were collected from the medium and hatched by incubation on nematode growth media plates covered with auxotrophic *E. coli* HA107 ([@bib18]) for a period of 4--5 days at 27°C. The sterility of infective larvae was determined by standard microbial plating on bacterial and fungal growth media. For the culture of adult worms, L5 Hpb were collected from the intestine of infected mice and washed extensively as described for L3 above. 50 L5 Hpb were cultured in 100 μl L5 culture media and the supernatant was collected after 48 hr.

Measurements of Cytokines, Antibodies, and SCFAs {#sec4.6}
------------------------------------------------

IL-4 and IL-5 cytokines were analyzed with mouse Milliplex kits (Merk Millipore) according to the manufacturer's instructions and read on a Luminex 100/200 analyzer. ELISA assays for HDM-specific IgG1 were performed as previously described ([@bib42]). IL-10 and TGF-β were analyzed with ELISA kits according to the manufacturer's instructions (eBioscience). SCFAs were analyzed by the Mass Spectrometry Service of the Institute of Chemical Sciences and Engineering (EPFL, Switzerland) or by Metabolomics Australia (Bayliss Building, University of Western Australia). Details are provided in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

Histology {#sec4.7}
---------

Formalin-fixed lung sections were embedded in paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin or periodic acid-Schiff via standard protocols. Histopathological scores were performed in a blind fashion by a European board-certified veterinary pathologist with a light microscope Nikon Eclipse E400. The histopathological scoring is detailed in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

16S rRNA Gene Sequencing {#sec4.8}
------------------------

Bacterial community analysis was performed with the 16S rRNA gene sequencing method. In brief, DNA was extracted from cecal contents and the V1-V2 region of the bacterial 16S rRNA gene was amplified by PCR. Amplicons were purified and sequenced on an Illumina MiSeq platform. Sequences were analyzed with the QIIME software package. See [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} for full details.

In Vitro Treg Cell Suppression Assay {#sec4.9}
------------------------------------

Lungs were digested with collagenase IV (Worthington biochemical corporation) in Iscove's modified Dulbecco's medium for 45 min at 37°C and filtered through 40 μm gauze (BD Biosciences) to generate single-cell suspensions that were then subjected to MACS sorting to enrich Treg cells (CD4^+^CD25^+^) according to the manufacturer instructions (Miltenyi Biotec). CD4^+^CD25^−^ responder T cells were MACS sorted from the lymph nodes of naive mice. Lung Treg cells and responder T cells were co-cultured at different ratios (responder T cells 2.5 × 10^4^ cells/well and Treg cells at 1.25 × 10^4^ at a 2:1 ratio) in U-bottom 96-well plates in the presence of soluble 0.75 μg/ml α-CD3 (clone 37.51) and 4 μg/ml α-CD28 (clone 145-2C11) for 3 days (eBioscience) ([@bib4]). Cells were stained, fixed, and permeabilized for flow cytometry with the Foxp3 staining buffer kit (eBiosciences) with the following antibodies CD4 APC/Cy (clone RM4-5, Biolegend), CD25 PE/Cy7 (PC61, Biolegend), Foxp3 AF647 (MF23, BD Biosciences), and Ki67 PercpCy5.5 (clone B56, BD Biosciences) using the LSRII (BD Biosciences). Data were acquired on an LSRII flow cytometer (BD Biosciences) and analyzed with FlowJo software (Tree Star).

Treg Cell Flow Cytometry {#sec4.10}
------------------------

Lungs were digested as above. Colons were incubated with PBS containing EDTA at 37°C for 15 min then digested twice for 35 min with a cocktail of collagenase D (1 mg/ml, Roche), dispase I (0.1 mg/ml, Roche), and DNase I (333 μg/ml, Sigma), smashed and filtered through a 40 μm gauze (BD Biosciences). Single-cell suspensions were then stained for flow cytometry with the following antibodies: CD4 Pacific blue (clone GK1.5), CD103 biotin (clone M290 or 2E7), CD25 PE-cy7 (clone PC61), PD1 PE (clone RMP1-30), GITR FITC (clone DTA-1), and streptavidin APC were purchased from BD Biosciences or Biolegend. FoxP3 AlexaFluor (clone FJK-16a, eBioscience) and Ki-67 PE (clone B56, BD Biosciences) were used in combination with a FoxP3 staining kit (eBioscience).

Porcine Roundworm Infection {#sec4.11}
---------------------------

The animal experiment was conducted in accordance with the European Animal Welfare Directives and VICH Guidelines for Good Clinical Practice, and ethical approval to conduct the studies was obtained from the Ethical Committee of the Faculty of Veterinary Medicine, Ghent University (EC2013/109), who has also approved the document. 24 female and male Rattlerow Seghers hybrid pigs (10 weeks old) were included in the study. The animals had free access to feed and water. 20 of these pigs were infected with *A. suum* fertilized eggs, and the remaining 4 pigs were included in the trial as non-infected naive control animals. *A. suum* eggs were obtained from adult gravid female *A. suum* worms, collected at the local abattoir and incubated in 0.1% (w/v) KCr~2~O~2~ until embryonation. The 20 pigs in the infected group received three doses of 300 fertilized eggs on 3 consecutive days via oral intubation. Eggs per gram feces were monitored every 2 days from day 47 post-infection onward. At day 54 post-infection, all pigs were euthanized. Intestinal contents of all of the 24 pigs were sampled at the colon, 30 cm distal from the junction of the caecum and proximal colon. The samples were snap-frozen in liquid nitrogen and preserved at −80°C until further processing for SCFA determination. The numbers of adult worms present in the small intestine were counted manually. Out of the 20 infected animals, 10 were finally selected for the SCFA analysis, based on their high worm burden.

Human Participants and *N. americanus* Infections {#sec4.12}
-------------------------------------------------

Eight otherwise healthy volunteers with diet-managed (gluten-free diet for \>6 months) HLA-DQ2+ or HLA-DQ8+ celiac disease were included in the study (mean age 52 years, range 39--67, 3 male, 5 female). All subjects had been pre-infected with *N. americanus* between 2008 and 2010 as part of a previous clinical trial ([@bib9]) and underwent anthelminthic therapy (200 mg mebendazole twice daily for 3 days) 6 weeks prior to the commencement of the present study which involved infection with a total of 20 larvae (10 L3 at week 0 and 10 L3 at week 4). The current study, designated HREC/07/QPAH/115, was approved in 2012 by the Human Research Ethics Committee (EC00167) at the Centres for Health Research, Princess Alexandra Hospital. The trials were registered at [ClinicalTrials.gov](http://ClinicalTrials.gov){#intref0010}, with the identifiers NCT: [NCT00671138](ctgov:NCT00671138){#intref0015} (2008) and NCT: [NCT01661933](ctgov:NCT01661933){#intref0020} (2012). Written informed consent was obtained from all subjects enrolled in the study. *N. americanus* ova were collected from two volunteers initially pre-infected with infective third-stage larvae (L3) from a line donated by Professor David Pritchard (University of Nottingham) and maintained in-house through re-inoculation.

Statistical Analysis {#sec4.13}
--------------------

Statistical analyses were performed with a Student's t test, one-way or two-way ANOVA followed by Tukey's multiple comparison post test. For all experiments, p values are indicated as ^∗^p \< 0.05, ^∗∗^p \< 0.01, or ^∗∗∗^p \< 0.001. Graph generation and statistical analyses were performed with Prism v.6c software (GraphPad).
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![Infection with the Intestinal Helminth Hpb Attenuates Allergic Airway Inflammation\
C57BL/6 SPF mice were infected or not with Hpb, then subjected to HDM sensitization and challenge. Mice were sacrificed 3 days after the final HDM challenge and the severity of airway inflammation was determined.\
(A) Differential cell counts in the broncho-avleolar lavage fluid (BALF). Abbreviations are as follows: mac, macrophages; neut, neutrophils; eos, eosinophils; lymph, lymphocytes.\
(B) Percent eosinophils within BALF cells.\
(C --E) Concentrations of (C) IL-4 and (D) IL-5 cytokines within the BALF and (E) HDM-specific IgG1 in the serum. Abbreviation is as follows: OD, optical density.\
(F) Measurement of AHR, as assessed by airway resistance to increasing doses of methacholine.\
(G) Mean gross lung histological pathology scores with representative pictures from H&E-stained lung tissue. Scale bars represent 1 mm.\
(H) Mean goblet cell index with representative periodic acid-Schiff-stained lung tissue. Scale bars represent 1 mm.\
Data are expressed as the mean ± SD (n = 3 control mice and min. n = 5 mice treated with HDM extract). Each symbol represents an individual mouse. Statistical significance was determined with one-way analysis of variance (ANOVA), ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001. Data are from one experiment and are representative of two (F) or three (A--E, G, and H) independent experiments.](gr1){#fig1}

![The Gut Microbiota Is Essential to Attenuate Allergic Airway Inflammation during Hpb Infection\
(A--E) Antibiotic-treated or untreated SPF C57BL/6 mice were infected or not with Hpb, then subjected to HDM sensitization and challenge. Mice were sacrificed 3 days after the final HDM challenge and the severity of airway inflammation was determined.\
(A) Differential cell counts in the BALF. Abbreviations are as follows: mac, macrophages; neut, neutrophils; eos, eosinophils; lymph, lymphocytes.\
(B) Percent eosinophils within BALF cells.\
(C and D) Concentrations of (C) IL-4 and (D) IL-5 cytokines within the BALF.\
(E) Measurements of HDM-specific IgG1 in the serum. Abbreviation is as follows: OD, optical density.\
(F--J) Antibiotic-treated recipient mice were co-housed with naive or Hpb-infected donors for 3 weeks, then subjected to HDM sensitization and challenge. Mice were sacrificed 3 days after the final HDM challenge and the severity of inflammation determined.\
(F) Differential cell counts in the BALF.\
(G) Percent of eosinophils of cells in the BALF.\
(H) Measurement of HDM-specific IgG1 in the serum.\
(I) Mean gross lung histological pathology scores with representative pictures of H&E-stained lung tissue. Scale bars represent 1 mm.\
(J) Mean goblet cell index with representative pictures of periodic acid-Schiff-stained lung tissue. Scale bars represent 200 μm.\
Data are expressed as the mean ± SD (n = 5 mice). Each symbol represents an individual mouse. Statistical significance was determined with two-way analysis of variance (ANOVA) (A--D, F) or Student's t test, ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001. Data are from one experiment and are representative of three independent experiments. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.](gr2){#fig2}

![Hpb Infection Alters the Cecal Microbiota and Increases SCFA Concentrations\
(A and B) ASF mice were infected with Hpb, cecal contents were collected, and bacterial community was analyzed by the 16S rRNA gene sequencing method.\
(A) Cecal bacterial community composition at the order level. Results show OTUs relative abundances for individual mice from one experiment with n = 7 naive or Hpb-infected individuals.\
(B) Cecal SCFA concentrations from the mice shown in (A). Significance was determined by unpaired Student's test.\
(C--E) SPF mice were infected with Hpb, cecal contents were collected 42 days later, and the 16S rRNA genes were amplified and sequenced.\
(C) Principal coordinates analysis (PCoA) using the Bray-Curtis dissimilarity based on OTU abundances. Color clustering is based on the k-means method. Results show individual mice from one experiment with n = 20 naive or Hpb-infected mice (2 cages per group).\
(D) Cecal SCFA concentrations from the mice depicted in (C). Significance was determined by unpaired Student's test.\
(E) OTU abundance heatmap from (C). The left color bar represents the Spearman correlation coefficient of each OTU with the total cecal SCFA concentrations. Hierarchical clustering based on the Spearman correlation coefficient was applied to order samples and OTUs.\
Significance was determined by the Adonis method (^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001). Data are from one experiment except for (D), where they are representative of five independent experiments. Data in (B) and (D) were generated with R boxplot with the middle bar representing the median and whiskers showing 1.5× inter-quartile range (IQR). See also [Figure S2](#mmc1){ref-type="supplementary-material"}.](gr3){#fig3}

![Hpb-Altered Microbial Communities with Increased Potential for SCFA Production Can Be Transferred to Naive Mice\
Antibiotic-treated recipient mice were co-housed for 3 weeks with naive SPF or Hpb-infected mice, cecal contents were collected, and the 16S rRNA genes amplified and sequenced.\
(A) Principal coordinates analysis (PCoA) using the Bray-Curtis dissimilarity based on OTU abundances. Color clustering is based on the k-means method. Results show individual mice from one experiment with n = 5 mice per group.\
(B) Cecal SCFA concentrations from the mice depicted in (A). Significance was determined by unpaired Student's t test.\
(C) OTU abundance heatmap from (A). The left color bar represents the Spearman correlation coefficient of each OTU with the total cecal SCFAs concentrations. Hierarchical clustering based on the Spearman correlation coefficient was applied to order samples and OTUs.\
Significance was determined by the Adonis method (^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001). Data are from one experiment and for (B) are representative of three independent experiments. Data in (B) were generated with R boxplot with the middle bar representing the median and whiskers showing 1.5× inter-quartile range (IQR). See also [Figure S3](#mmc1){ref-type="supplementary-material"}.](gr4){#fig4}

![Hpb Infection Fails to Attenuate Allergic Airway Inflammation in *Ffar3*^−/−^ Mice\
C57BL/6 wild-type or *Ffar3*^−/−^ SPF mice were infected or not with Hpb, then subjected to HDM sensitization and challenge. Mice were sacrificed 3 days after the final HDM challenge and the severity of airway inflammation determined.\
(A) Differential cell counts in the BALF. Abbreviations are as follows: Mac, macrophages; neut, neutrophils; eos, eosinophils; lymph, lymphocytes.\
(B) Percent eosinophils within BALF cells.\
(C and D) Concentrations of (C) IL-4 and (D) IL-5 cytokines within the BALF.\
(E) Measurement of HDM-specific IgG1 in the serum. Abbreviation is as follows: OD, optical density.\
(F) Mean gross lung histological pathology scores with representative pictures of H&E-stained lung tissue. Scale bars represent 1 mm.\
(G) Mean goblet cell index with representative pictures of periodic acid-Schiff-stained lung tissue. Scale bars represent 200 μm. Data are expressed mean ± SD (n = 5).\
Each symbol represents an individual mouse. Statistical significance was determined with two-way analysis of variance (ANOVA) or Student's t test (E), ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001. Data are from one experiment and are representative of three (A--E) or two (F and G) independent experiments. See also [Figure S4](#mmc1){ref-type="supplementary-material"}.](gr5){#fig5}

![Hpb Infection Modulates Anti-inflammatory Cytokine Production and Treg Cell Function in the Lungs of Allergic Mice in a GPR41-Dependent Manner\
SPF C57BL/6 wild-type or *Ffar3*^−/−^ mice were infected or not with Hpb, then subjected to HDM sensitization and challenge. Mice were sacrificed 3 days after the final HDM challenge.\
(A and B) Concentrations of (A) IL-10 and (B) TGF-β cytokines in lung tissue homogenates.\
(C and D) Quantification of lung (C) and colon (D) Treg cells in WT and *Ffar3*^−/−^ mice by flow cytometry analysis.\
(E and F) Treg cells were isolated from the lungs of naive or Hpb-infected WT and *Ffar3*^−/−^ HDM-challenged mice and cultured together with naive responder T cells in the presence of anti-CD3 and anti-CD28.\
(E) Concentrations of IL-10 cytokine in the supernatant of wells containing a responder T cell:Treg cell ratio of 2:1.\
(F) Proliferation as assessed by Ki67 expression. Significances in red compare WT Hpb versus *Ffar3*^−/−^ Hpb and significances in blue compare WT naive versus WT Hpb-infected HDM-challenged mice.\
Data are expressed as the mean ± SEM (n = 5). Statistical significance was determined with two-way analysis of variance (ANOVA); ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001. Data in (A)--(D) are pooled from two independent experiments. Data in (E) and (F) are from one experiment and are representative of two independent experiments.](gr6){#fig6}

![Helminth Infection Elevates the Concentration of SCFAs in Pigs and Humans\
(A and B) GC-MS quantification of (A) total SCFA concentrations and (B) acetate, propionate, and butyrate concentrations in cecal contents taken from naive and *A. suum*-infected pigs.\
(C) Total increases of SCFA concentrations of fecal samples from celiac patients before versus after hookworm (*N. americanus*) infection. Each symbol represents an individual patient (Pt).\
(D) Individual percent increases of SCFA concentrations of fecal samples from celiac patients before versus after *N. americanus* infection. Data are expressed as mean ± SD.\
Statistical significance was determined by Student's t test, ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.](gr7){#fig7}
